A design method for a miniaturized small resonant aperture by modifying a ridge structure is presented, and its performance is verified experimentally. The proposed miniaturized aperture was designed by deforming the straight ridge structure of an H-shaped aperture with a two-step ridge of different lengths and widths, which resembles the capacitor symbol shape of the electric circuit. Experiment results show that the resonant frequency of the proposed aperture decreases from 5.06 GHz to 2.565 GHz (49.3%) compared to the conventional H-shaped aperture. Its transmission cross section increased by 3.78 times, and the aperture length-to-wavelength ratio is reduced to 0.09.
Introduction
Electromagnetic wave transmission through apertures in an infinite conducting plate has been studied for a long time [1, 2, 3, 4, 5, 6] . The electromagnetic wave incident on a simple circular shape or a square aperture smaller than the wavelength has very little power transmitted through the aperture [1] . In order to improve the electromagnetic wave transmission efficiency of such a small aperture, Harrington proposed a structure for an aperture having a capacitor characteristic so that a transmission resonance phenomenon occurs [2] .
H-shaped, C-shaped, L-shaped, and square ring apertures plus a circular aperture with a ridge have been widely investigated to improve the low transmission efficiency of the aperture in optics and microwave applications [5, 7, 8, 9, 10] . It was confirmed that the above-mentioned small resonant structures increased transmission power at the resonant frequency, compared with the simple circular or square structure, thereby improving the transmission efficiency. A resonant aperture structure with improved transmission efficiency can be applied to a frequency selective surface [11] , a near-field probe [12, 13] , a waveguide limiter [14] , optical data storage [15, 16, 17] , and so on.
In this paper, we deal with an aperture structure with extensively improved transmission efficiency from modifying the ridge structure of an H-shaped resonant aperture. The physical size of the proposed miniaturized resonant aperture is further reduced, compared with the resonant wavelength, and the transmission cross section (TCS) is increased, thereby improving the transmission efficiency. To verify the performance of the proposed structure, a prototype of the proposed resonant aperture was fabricated and compared with simulation results. Fig. 1(a) shows the geometry of a conventional H-shaped resonant aperture. The TCS is defined as the value of the total power, P t , transmitted through the resonant aperture located on the infinite conductor plane divided by the incident power density, P i . The TCS can also be expressed in Fig. 1(b) through an equivalent circuit representation [18] . The frequency characteristics of the resonant aperture can be represented by the parallel LC circuit parameters, which can be calculated by the method appearing later. In Fig. 1(b) , G hs represents the radiation conductance in the half space by dividing the incident space and the transmitted space by the half space with respect to the conductor plane, and the current source, I sc , is a value obtained by multiplying the magnetic field corresponding to the surface current density in the opening by the length, l eff , of the section in which the current density is effectively distributed:
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where 0 is the impedance of the free space, λ is the wavelength, and l eff is the length at which the current is effectively distributed in the aperture. Power P G consumed in G hs represents the power radiated back to both sides around the conductor plane at the aperture. Therefore, the TCS is summarized as follows:
The above TCS expression is calculated assuming a directivity of the short dipole of 1.5 when re-radiating in both directions with respect to the conductor plane. Therefore, the TCS expression for an aperture with an arbitrary structure can be expressed as follows.
where D is the directivity of the aperture. The TCS was commonly found to be ð2G 2 Þ=4 in small resonant apertures [5] . Here, the gain, G, of the aperture is used in the same sense as directivity D of the aperture under a condition of no loss.
In this study, CST Microwave Studio, a three-dimensional electromagnetic wave simulator, was used to calculate the TCS according to the structural changes of the H-shaped aperture. In order to assume the infinite conductor plane in the simulation, open boundary conditions were used for all sides where a very wide conductor plane ends, in comparison with the resonant wavelength of the small resonant aperture. For convenience in calculating TCS, the power density, P i , of the incident plane wave is assumed to be 1 W/m 2 . Since the TCS is generally smaller than the incident power density, units in square meters are expressed in square millimeters in the figure.
In order to verify the accuracy of the TCS calculated by CST simulation, Fig. 2 compares the calculated result with the Rao-Wilton-Glisson (RWG) method [19] , which is a kind of moment method, when the size of the H-shaped aperture in Fig. 1(a) is D x ¼ D y ¼ 10:6 mm, g ¼ 0:2 mm, and w ¼ 6 mm. The results of the CST and moment method calculations show resonant frequencies of 5.06 GHz and 5.08 GHz, respectively, and the TCS values are 846 mm 2 and 837 mm 2 , respectively, which are almost the same.
In the previously studied H-shaped resonant aperture, it was confirmed that the resonant frequency decreases as the ridge gap becomes narrower, and transmission efficiency increases as TCS increases. In this study, we further study the variations in TCS of the H-shaped aperture according to the change in the ridge width when the ridge gap is small enough, compared to minimum fabrication tolerance, and we analyzed them by using the equivalent circuit in Fig. 1 
The resonant frequency and TCS value were compared for different ridge widths, w, with the dimensions of the H-shaped aperture in Fig. 1 (a) fixed at D x ¼ D y ¼ 10:6 mm and g ¼ 0:2 mm, as shown in Fig. 3 .
In Fig. 3 , the resonant frequency decreases from 5.32 GHz to 5.06 GHz, and TCS increases from 770 mm 2 to 846 mm 2 when ridge width w increases from 4 mm to 6 mm. The resonant frequency is 5.07 GHz when w ¼ 8 mm and TCS is 841 mm 2 , which is almost unchanged, compared to when w ¼ 6 mm. However, when the ridge width further increases to 10.2 mm, the resonant frequency increases to 5.84 GHz, and the TCS drops to 635 mm 2 . Therefore, the H-shaped aperture has the highest transmission efficiency at w ¼ 6 mm. Note that the TCS value for w ¼ 6 mm is about 17 times larger than the actual H-shaped aperture area of 49.96 mm 2 . The ratio of the aperture length to the resonant wavelength is 0.178, which is small. Table I shows the variations in equivalent inductance and capacitance according to the equivalent circuit representation for different ridge widths, w. The equivalent inductance and capacitance are calculated from the TCS resonant curve by obtaining the Q factor. The Q factor is obtained from the frequency, f 0 , of the maximum TCS value and the two frequencies that are half of the maximum value, that is, the lower frequency f L and the upper frequency f H :
where R ¼ 1=2G hs , the unit of inductance nH is 10 À9 H, and the unit of capacitance fF is 10 À15 F. As the ridge width increases, the capacitance increases, but the inductance decreases because the perimeter of the wide portion of the aperture located on either side of the H-shaped aperture decreases. When w increases from 4 mm to 6 mm, the resonant frequency decreases according to the formula for finding the resonant frequency (f ¼ 1 2 ffiffiffiffi ffi LC p ) because the reduction ratio of inductance is 54%, and the increased ratio of capacitance is 59%. However, when w increases from 6 mm to 8 mm, the reduction ratio of inductance is 45%, which is the same as the increased ratio of capacitance at 45%, so that the resonance frequency hardly changes. When w increases from 8 mm to 10.2 mm, the inductance reduction ratio is 53%, which is much larger than the 37% increase in capacitance, which leads to a significant increase in the resonant frequency.
3 Miniaturized small resonant aperture using a modified ridge structure
The geometry of the proposed miniaturized small resonant aperture using a modified ridge structure is shown in Fig. 4 . It was designed by deforming the straight ridge structure of the H-shaped aperture with a two-step ridge of different width ðw 2 ; w 1 Þ and length ðh; h 1 Þ, which resembles the capacitor symbol shape of the electric circuit. In other words, the narrow and long part with the width and length ðw 2 ; hÞ corresponds to the first step structure, whereas the wide and short part with the width and length ðw 2 ; h 1 Þ corresponds to the second step. The resonant frequency and TCS value were calculated by using CST Microwave Studio according to the changes in h and w 1 , which are the most important parameters for determining the characteristics of the proposed resonant aperture, as shown in Fig. 5 . Fig. 5 (a) depicts the variations in TCS according to the change in h. Other parameters are fixed at D x ¼ D y ¼ 10:6 mm, g ¼ 0:2 mm, w 1 ¼ 6 mm, and w 2 ¼ 0:2 mm. Note that the length of the ridge at the center of the aperture becomes smaller as h increases. It is observed from Fig. 5 (a) that when h ¼ 3 mm, the resonant frequency has the maximum TCS value at 3.71 GHz. Compared to the H-shaped aperture with a ridge width of 6 mm (h ¼ 0 mm), the resonant frequency is reduced from 5.06 GHz to 3.71 GHz, and the TCS value is increased by 1.8 times, from 846 mm 2 to 1,537 mm 2 .
Next, to further reduce the resonant frequency, the TCS variations according to the change in w 1 are investigated for h ¼ 3 mm, as shown in Fig. 5(b) . In this case, other parameters are fixed at D x ¼ D y ¼ 10:6 mm, g ¼ 0:2 mm, and w 2 ¼ 0:2 mm. As w 1 increases, the resonant frequency decreases, and the TCS value increases. As w 1 increases from 6 mm to 8 mm, the resonant frequency decreases from 3.71 GHz to 3.29 GHz, and the TCS increases from 1537 mm 2 to 1935 mm 2 . As w 1 further increases from 8 mm to 10.2 mm, the resonant frequency decreases from 3.29 GHz to 2.92 GHz, and the TCS increases from 1935 mm 2 to 2431 mm 2 .
The changes in equivalent inductance and capacitance according to the equivalent circuit representation for different values of h in Fig. 5(a) are summarized in Table II . When h increases from 0 mm to 1 mm, the inductance reduction ratio is 25%, and the increased ratio of capacitance is 50%. When h increases from 1 mm to 3 mm, the reduction ratio of inductance is 23% and the increased rate of capacitance is 38%. Therefore, when h increases from 0 mm to 3 mm, the rate of increase of the capacitance is relatively greater than the rate of decrease for inductance, and the resonant frequency decreases. However, as h further increases from 3 mm to 5 mm, inductance is almost unchanged, but capacitance decreases, and hence, the resonance frequency increases. It seems that if the length of the ridge at the center of the conductor is very small, the capacitance decreases. Table III shows the changes in equivalent inductance and capacitance according to the equivalent circuit representation for different values of w 1 in Fig. 5(b) . As w 1 increases from 6 mm to 8 mm, the reduction ratio of inductance is 40%, and the increased rate of capacitance is 52%. As w 1 further increases from 8 mm to 10.2 mm, the reduction ratio of inductance is 45%, and the increased rate of capacitance is 56%. Therefore, as w 1 increases, the increased rate of capacitance becomes relatively larger than the decreased rate of inductance, and the resonance frequency becomes lower.
It is worthwhile to note that the TCS of the modified resonant aperture with the highest transmission efficiency in Fig. 5(b) (2431 mm 2 ) is about 36 times larger than the physical aperture area of 66.28 mm 2 . In addition, it increases by 2.87 times, compared to the TCS of the conventional H-shaped resonant aperture. Furthermore, the aperture length-to-wavelength ratio is 0.103, which is smaller than for the H-shaped aperture. In order to validate the proposed design method for the miniaturized small resonant aperture, a prototype of the miniaturized resonant aperture with the highest transmission efficiency was fabricated on a flexible printed circuit board (FPCB) substrate based on polyimide (" r ¼ 3:5 and t ¼ 0:06 mm), as shown in Fig. 6 . The geometric parameters of the fabricated aperture are as follows: D x ¼ D y ¼ 10:6 mm, g ¼ 0:2 mm, w 1 ¼ 10:2 mm, w 2 ¼ 0:2 mm, and h ¼ 3 mm. The overall area of the conductor plane is 250 mm Â 250 mm, which is 2:45 Â 2:45, compared to the resonant wavelength calculated by the simulation. The illustration and photograph of the experiment setup for measuring the transmission characteristics of the fabricated resonant aperture are shown in Fig. 7 . When the transmission characteristics of the resonant are measured, the S parameters are measured by using two ETS-Lindgren 3117 broadband double-ridged horn antennas under normal incidence, an Agilent 8753D vector network analyzer, and an Agilent 87405C broadband preamplifier. The antennas were placed 500 mm away from the resonant aperture so as to satisfy the far field condition. The pyramidal absorbers were placed around the resonant aperture in the center of the wooden frame to prevent any unexpected reflected wave. Note that a separate conductor plate was placed on the frame in order to place the fabricated aperture and to cut off power that could escape through the wooden frame.
The simulated and measured transmission characteristics of the fabricated resonant aperture are plotted in Fig. 8 . The simulation result is newly calculated considering both the conducting plate and FPCB substrate. For the resonant aperture without the FPCB substrate, the resonant frequency is 2.92 GHz with a TCS value of 2431 mm 2 , and the aperture length-to-wavelength ratio is 0.103. When an FPCB substrate with thickness of t ¼ 0:06 mm is added, the resonant frequency shifts toward a low frequency at 2.59 GHz with the TCS at 3199 mm 2 . The aperture length-to-wavelength ratio is further reduced to 0.09. The measured resonant frequency of the fabricated resonant aperture is 2.565 GHz, which is very close to the resonant frequency of 2.59 GHz calculated through the simulation. We conjecture that the slight difference in the resonant frequency and some measured signals in the frequency range of 2.65 to 3.00 GHz are mainly caused by fabrication and measurement errors.
Conclusion
A miniaturized small resonant aperture using a modified ridge structure is proposed. It consists of a square aperture and a modified two-step ridge of different lengths and widths. A step-by-step design procedure for the proposed miniaturized aperture along with calculations of the equivalent inductance and capacitance are provided based on the TCS calculation and equivalent circuit representation.
A prototype of the proposed miniaturized small resonant aperture with the highest transmission efficiency was fabricated on an FPCB substrate, and its transmission characteristics measured and compared with simulated results. It was demonstrated experimentally that the resonant frequency of the proposed miniaturized aperture can be reduced by 49.3%, from 5.06 GHz to 2.565 GHz, compared to the conventional H-shaped aperture. In addition, its TCS is increased by 3.78 times, and the aperture's length-to-wavelength ratio is reduced to 0.09. The proposed miniaturized small resonant aperture is expected to be applicable to the design of small antennas, frequency selective surfaces, radar absorbing materials, and crack sensors.
